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therein).
Z. Hong Zhou,1,* Hong Zhang,1 Joanita Jakana,2
Xing-Ying Lu,3 and Jing-Qiang Zhang3
1Department of Pathology and Laboratory Medicine
University of Texas Medical School
Houston, Texas 77030
2 Department of Biochemistry The capsid shells of these viruses, however, exhibit
striking architectural differences. Except for the single-Baylor College of Medicine
Houston, Texas 77030 shelled cypoviruses such as the cytoplasmic polyhedro-
sis virus (CPV), all other viruses in the Reoviridae have3 State Key Lab for Biocontrol
Institute of Entomology additional protein shells, such as the double-shelled rice
dwarf virus (RDV) (Lu et al., 1998), and triple-shelledZhongshan University
Guangzhou 510275 rotavirus (Shaw et al., 1993) and bluetongue virus (BTV)
(Grimes et al., 1998). In addition to conferring host speci-China
ficity and mediating cell entry, these additional layers are
believed to play important structural roles in maintaining
the stability of the thin inner shell and sequestering theSummary
dsRNA genome (Lawton et al., 2000). The inner shells
of the Reoviridae are more homogenous and can beThe single-shelled cytoplasmic polyhedrosis virus
divided into two major groups. Those in the first group(CPV) is a unique member of the Reoviridae. Despite
have a smooth inner shell made up of 120 CSP moleculeslacking protective outer shells, it exhibits striking cap-
enclosed by one or two outer T  13 layers, as exempli-sid stability and is capable of endogenous RNA tran-
fied by BTV, RDV, and rotavirus. Those in the secondscription and processing. The 8 A˚ three-dimensional
group also have an inner shell consisting of 120 CSPstructure of CPV by electron cryomicroscopy reveals
molecules, but this shell is decorated by turrets (thesecondary structure elements present in the capsid
mRNA capping complexes) on the icosahedral verticesproteins CSP, LPP, and TP, which have  folds. The
and by molecular clamps (large protrusions) joiningextensive nonequivalent interactions between CSP
neighboring CSP molecules. In addition, these virusesand LPP, the unique CSP protrusion domain, and the
either have incomplete outer T  13 layers (e.g., ortho-perfect inter-CSP surface complementarities may ac-
reovirus [Dryden et al., 1993; Reinisch et al., 2000] andcount for the enhanced capsid stability. The slanted
aquareovirus [Shaw et al., 1996]) or completely lack anydisposition of TP functional domains and the stacking
outer protein layer (e.g., CPV [Hill et al., 1999; Xia etof channel constrictions suggest an iris diaphragm-
al., 2003; Zhang et al., 1999]). In these viruses, mRNAlike mechanism for opening/closing capsid pores and
transcription and posttranscriptional processing taketurret channels in regulating the highly coordinated
place in a series of well-coordinated steps, beginningsteps of mRNA transcription, processing, and release.
with mRNA transcription at the transcriptional enzyme
complexes underneath the vertices of the inner shell,
Introduction followed by 5 end mRNA capping and subsequent re-
lease through the multifunctional turret (Bartlett et al.,
RNA transcription is a fundamental process involving a 1974; Bellamy and Harvey, 1976; Furuichi, 1974; Furuichi
series of well-coordinated processes catalyzed by multi- et al., 1976; Reinisch et al., 2000; White and Zweerink,
functional enzymes, often embedded in multicompo- 1976; Xia et al., 2003; Yazaki and Miura, 1980; Zhang et
nent macromolecular complexes. Double-stranded (ds) al., 1999).
RNA viruses in the family Reoviridae are extreme exam- Having only a single shell, CPV is structurally the sim-
ples of such multifunctional RNA transcriptional ma- plest member of the Reoviridae. Despite lacking the
chines. Their hosts include plants, insects, mammals, outer protective layers existing in other dsRNA viruses,
and humans, and their structural proteins have little to CPV virions are resistant to chemical treatments, includ-
no recognizable sequence homologies (reviewed by ing cations, high pH, trypsin, chymotrypsin, ribo-
Mertens et al., 2000). Still, viruses in the nine genera of nuclease A, deoxyribonuclease, phospholipase, and
this family all contain a characteristic segmented dsRNA SDS, and retain infectivity for weeks at 15C to 25C
genome and a highly conserved dsRNA-dependent sin- (Mertens et al., 2000; Zhang et al., 2002). The relative
gle-stranded RNA polymerase enclosed in a capsid shell simplicity and unusual stability of CPV make it an attrac-
made up of 120 molecules of the inner capsid shell tive system for studying the structural basis of RNA
protein (CSP) (reviewed by Lawton et al., 2000; Nibert transcription and posttranscriptional processing. While
and Schiff, 2001; Patton and Spencer, 2000). The Reovir- its infection of silkworms can have a negative economic
idae are all capable of endogenous mRNA transcription impact in Asia, CPV is also recognized as an emerging
within an intact virus particle, using viral-encoded en- biocontrol agent, serving as an environmentally friendly
zymes for transcription initiation, elongation, 5 capping, pesticide for fruit and vegetable farming (Mertens et al.,
2000). Previous low resolution electron cryomicroscopy
(cryoEM) structures showed that CPV shares similar*Correspondence: z.h.zhou@uth.tmc.edu
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Figure 1. Electron Cryomicroscopy of CPV and Resolution Assessment
(A and B) A typical area of the first, close-to-focus micrograph (A) and the second, far-from-focus micrograph (B) of a focal pair of ice-
embedded full CPV capsids recorded in a 400 kV electron cryomicroscope. The defocus values were determined to be 0.6 and 3.1 m
underfocus for (A) and (B), respectively. Indicated by dashed circles is the same CPV particle in the two micrographs.
(C) The Fourier shell correlation coefficients as a function of spatial frequency between two independent reconstructions computed from data
sets of different numbers of particles (indicated above each curve). The effective resolution of the 3D reconstruction improved consistently
with increased numbers of particles and reaches 8 A˚ for the data set with 4532 particles based on the criterion of correlation coefficient being
greater than 0.5.
capsid architecture with the inner core of orthoreovirus. whose close-to-focus micrographs showed image data
extending to 7 A˚ were selected for the final 3D recon-However, CPV contains additional spikes (A spikes)
attached to the turrets (B spikes) and 120 large protru- struction. The effective resolution of the final 3D map,
based on the criterion of the Fourier shell correlationsion proteins (LPP), as opposed to the 150 copies of
the structural homolog 2 in orthoreovirus (Dryden et coefficient between independent reconstructions being
greater than 0.5, consistently improved as the numberal., 1993; Hill et al., 1999; Zhang et al., 1999).
To gain insights into the structural basis of the en- of particles increased and reached 8 A˚ for the final set
with 4532 close-to-focus particle images (Figure 1C).hanced capsid stability and mRNA processing ability of
the multifunctional turret, we have determined an 8 A˚ The validity of this assessment is supported by the visu-
alization of both  helices and 	 sheets in all capsidresolution structure of the CPV virion using 400 kV
cryoEM. This allows a direct structural comparison with proteins (Figures 2–3) and, under some favorable cir-
cumstances, by the resolution of grooves in those high resolution structures of the cores of orthoreovirus
and BTV at the secondary structure level. Despite having helices (e.g., see Figures 7C and 7D).
no recognizable amino acid sequence homologies, the
overall folds of the CPV CSP and turret proteins (TP) Architectural Organization of CPV Capsid
show striking similarities to their structural counterparts The shaded surface representation of the 8 A˚ CPV struc-
in the BTV subcore and orthoreovirus core, respectively. ture reveals a polyhedral, T  1 capsid shell of 570 A˚
However, the insertion of a small protrusion domain in in diameter, which extends to a diameter of 715 A˚ when
CSP and the structurally unique LPP both contribute to including the 12 turrets on the icosahedral 5-fold verti-
the more extensive intermolecular interactions. These ces (Figure 2A). The capsid shell of CPV is composed
differences, together with the unparalleled multiple of three major structural proteins, similar to cores of
modes of intermolecular complementarities, form the other turreted viruses of the Reoviridae. To facilitate
structural basis for the enhanced capsid stability of CPV. comparisons of structural homologs among dsRNA vi-
The CPV TP contains two methylase domains with the ruses, we have designated these proteins according
highly conserved  helices/	 sheets/ helices sandwich to their structural or morphological roles: capsid shell
fold but lacks the 	-barrel flap present in orthoreovirus protein (CSP, the structural homolog of BTV VP3 and

2. The stacking of TP functional domains from neigh- orthoreovirus
1), large protrusion protein (LPP, homolo-
boring subunits and the presence of three layers of iris gous to orthoreovirus 2), and turret protein (TP, homol-
diaphragm-like constrictions along mRNA release path- ogous to orthoreovirus 
2). Each CPV capsid shell con-
way suggest a mechanism for opening the pores and sists of 60 copies of TP and 120 copies each of CSP
the channels and for regulating the highly coordinated and LPP (Figure 2).
steps of RNA transcription, processing, and release. The components of one asymmetric unit were manu-
ally separated based on extensive assessments of the
molecular boundaries (see Experimental Procedures).Results
Each asymmetric unit contains one TP monomer and
two pairs of quasi-equivalent, but nonicosahedrally re-CryoEM and 3D Reconstruction
The image quality of 71 focal pairs of 400 kV cryoEM lated molecules, CSP-A/CSP-B and LPP-5/LPP-3 (Fig-
ures 2B–2D). The two nonicosahedrally related mole-micrographs of CPV (Figures 1A and 1B) was assessed
based on the visibility of contrast transfer function (CTF) cules in each of these pairs are similar in both their
overall shapes and secondary structure elements, fur-rings in the incoherently averaged Fourier transforms of
particle images (Zhou et al., 1996). Forty-one pairs ther supporting the validity of our structural determina-
3D Structure of CPV at 8 A˚ Resolution by CryoEM
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Figure 2. Overall Architecture of the CPV Capsid at 8 A˚ Resolution
(A) Shaded surface view of the CPV reconstruction as viewed along a 3-fold axis (3). The map is color coded according to the particle radius,
such that the capsid shell is in green and the surface protrusions and turrets are in aquamarine. Three icosahedral 5-fold axes (5), one 3-fold
axis (3), and one 2-fold axis (2) are labeled.
(B) Close-up view of a region containing an asymmetric unit (color), which is made up of one turret protein (TP) (light blue), two copies of the
capsid shell protein (CSP) (CSP-A in red and CSP-B in gray), and two copies of the large protrusion protein (LPP) (the 5-fold proximal LPP-5
in yellow and 3-fold proximal LPP-3 in green).
(C) Stereo view of an extracted asymmetric unit. The transcription enzyme complex (TEC), located underneath the turret, is shown in blue.
(D) Schematic diagram illustrating the positions and interactions among the structural components as respect to the icosahedral 5-, 3-, and
2-fold axes. The blue triangle represents one triangular face of the icosahedron.
tion. The transcription enzyme complex attached to the pancy (one under each 5-fold vertex) of its icosahedrally
related binding sites in each particle and its extensiveinner surface of the capsid shell will not be further dis-
cussed as it could not be well resolved at the improved convolution with dsRNA layers (Xia et al., 2003; Zhang
et al., 1999). The A spikes, the hemagglutinins previouslyresolution of the reconstruction, due to the partial occu-
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Figure 3. Secondary Structures in the Capsid Shell Protein
(A and B) CSP-A (A) and CSP-B (B) as viewed from outside of the capsid. Except for the unique small protrusion domain, the domains are
labeled by analogy to those used in BTV VP3 (Grimes et al., 1998).
(C) Superposition of CSP-A (purple wire frame) and CSP-B (semitransparent red), showing their excellent match except for their small protrusion
domains, which exhibit a 20 hinge movement.
(D) Stereo views of CSP-A shown in wire frame (contoured at 1.5), superimposed with the identified helices, which were modeled as 5 A˚
diameter cylinders. A total of 18 helices were identified in CSP-A, 14 (aquamarine) of which correspond with those identified in BTV VP3 and
4 (red) of which are unique to CPV.
(E) Putative model of the fold of CSP-A. The helices (H) and the 	 sheets (S) are shown as cylinders and parallelograms, respectively, and numbered
consecutively (H1-18 and S1-5) according to amino acid sequence from N to C terminus in the protein. The lines are colored according to the
sequence such that from the N terminus to the C terminus it varies from blue, to aquamarine, to green, to yellow, and to red.
(F) The atomic structure of BTV VP3 shown as a superposition of a ribbon representation and its semitransparent density map, which was
generated by Gaussian filtering the atomic model to 6.5 A˚. The helices were numbered as previously designated, with a postfix: a, apical
domains; c, carapace domains (Grimes et al., 1998).
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shown to attach to the channel-facing surface of the only slightly different orientations (Figures 3E and 3F).
For example, 14 (light blue) of the 18 long helices identi-turrets (Hill et al., 1999; Zhang et al., 1999), have lower
densities and are only visible when the map is displayed fied in CPV CSP have topologically equivalent helices
in BTV. Among these are the two characteristic layersat lower density threshold, indicating their structural
flexibility and/or lack of 5-fold symmetry. of helices located in the middle of the carapace domain
(Figure 3). In particular, those easily visible in the displayOne hundred and twenty plate-like CSP molecules
form the basic framework of the CPV capsid: a pair of include a long (60 A˚), kinked helix (H11 in CPV in Figure
3E versus helix 10a in BTV VP3 in Figure 3F), the 37 A˚CSP-A molecules span the edge across each icosahe-
dral 2-fold axis, and three CSP-B molecules seal the long helix H10 (Figure 3E, corresponding to the helix
9a in BTV), and a 40 A˚ long helix (H13 in Figure 3E,central space of the icosahedral triangular face near the
icosahedral 3-fold axis (Figure 2D). LPP-5 and LPP-3 corresponding to helix 15c of BTV VP3 in Figure 3F). A
thorough comparison with the orthoreovirus core struc-secure this basic framework by serving as molecular
clamps joining two (CSP-A/CSP-B) and three adjacent ture revealed that the majority of these secondary struc-
ture elements also have topological counterparts in 
1,CSP (two CSP-B and one CSP-A) molecules, respec-
tively. Each turret, a pentamer of TP located on each though their exact locations and orientations also differ
(Reinisch et al., 2000). However, CPV CSP has fouricosahedral vertex of the capsid, provides additional
strength for this framework by “sewing” together five unique helices, two of which are located in the small
protrusion domain and the other two in the apical do-CSP-A molecules and by making two contacts with the
tip of each nearby CSP-B (Figures 2C and 2D). main (Figures 3D and 3E, red).
Five 	 sheet-rich densities were also identified in CPV
CSP, including one small density (S2) in the apical do-
Secondary Structural Elements and the Fold main, and two large 	 sheets (S1 and S5) in the dimeriza-
of CSP tion domain that correspond to the stacked 	 sheets in
CSP has the shape of a thin wedge and is planar with the 	 sandwich domain of BTV VP3 (Grimes et al., 1998).
a dimension of 150  60  25–40 A˚ (Figures 3A and However, the other two 	 sheets (S3 and S4 in Figure 3E)
3B). When viewed from the outside of the capsid, it are located in the CPV-specific small protrusion domain
resembles an inverted F and can be divided into four and are thus absent from BTV and orthoreovirus.
domains, three of which are similar to the domains iden- The ability to establish the connectivities between
tified in the inner capsid protein in other related viruses, densities representing secondary structure elements in
such as the BTV VP3 (Grimes et al., 1998), orthoreovirus our map, together with the observed conservation
core 
1 (Reinisch et al., 2000), and RDV (Zhou et al., among secondary structure elements between CPV CSP
2001). These three domains are designated as apical, and BTV VP3, has allowed us to propose a model of the
carapace, and dimerization domains following the no- fold of the secondary structures in CPV CSP (Figure 3E).
menclature of BTV VP3 (Grimes et al., 1998). CPV CSP In this model, the CPV CSP has 	 folds, similar to
contains a unique fourth domain, the small protrusion other members of the Reoviridae. The N-terminal region
domain, which is involved in inter-CSP association (Fig- of CSP is located in a region of relatively poorly resolved,
ure 3A). Unlike the structural homologs in BTV and ortho- 	 sheet-rich densities in the middle of the dimerization
reovirus, where large domain twists and radial curvature domain. The next portion of the chain is predominantly
were observed between CSP-A and -B, the two quasi- helical and makes up the bulk of the carapace domain.
equivalent CSP molecules within an asymmetric unit This is followed by a bundle of long helices, including
in CPV are almost superimposable across all domains the kinked helix H11, in the apical domain. After looping
except for an approximately 20 twist between the two back through the carapace domain through the long
small protrusion domains (Figure 3C). helix H13, the chain is folded into the small protrusion
As established previously for identifying secondary domain containing two 	 sheets, which is followed by
structural elements in cryoEM structures at 7–9 A˚ resolu- several short helices and a large C-terminal 	 sheet (S5).
tion,  helices in such maps appear as rod-shaped den- The small protrusion domain represents an insertion in
sities 6–9 A˚ in diameter, spaced 10–12 A˚ apart (Bo¨ttcher CPV CSP that is completely absent from the CSPs in
et al., 1997; Conway et al., 1997; Zhou et al., 2000). both BTV and orthoreovirus. This inserted domain is
Large 	 sheets appear as thin, smooth, and continuous linked to the rest of the CSP through a hinge, providing
surfaces (Zhou et al., 2001) (Figures 3A and 3D). We rotational flexibility for it to make contacts with adjacent
identified 18 long helices and five 	 sheets or 	 sheet- CSPs (Figure 2C).
rich regions in each CSP-A molecule (Figures 3D and
3E). In addition, the connectivities of many of these
secondary structural elements can be established by Nonequivalent Inter-CSP Interactions and Their
Structural Complementaritiesexamining the continuity of the densities at different
contour levels interactively with 3D visualization tools. The mechanism by which the 120 CSPs associate with
each other to form the thin and contiguous capsid shellDespite the general lack of sequence homologies
(identity20%) between the structural homologs of CPV represents a remarkable example of multiple modes of
interactions and geometric complementarities. Thereand BTV proteins, the CPV CSP map and the BTV VP3
map generated by Gaussian filtering its atomic structure are no apparent pores or gaps with 10 A˚ sizes across
the entire capsid shell, indicating perfect surface com-to 6 A˚ (Grimes et al., 1998) (Figure 3F) revealed that many
of these secondary structure elements are topologically plementarities among all inter-CSP contacts. Moreover,
CPV CSP has achieved these perfect surface comple-conserved, i.e., appear at roughly similar locations with
Structure
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mentarities without introducing major domain twists and
curvature adjustments. There is no similarity in the mo-
lecular contacts made by the corresponding regions of
CSP-A and CSP-B with neighboring molecules, except
for a small region (20 A˚) in the dimerization domain
across the dyad of a CSP-A in one asymmetric unit with
a CSP-B from the adjacent asymmetric unit (Figures 2D
and 4B). For example, the carapace domain of CSP-A
interacts with the opposite side of a single CSP-B mole-
cule (Figure 4A). In contrast, the corresponding domain
of CSP-B interacts with a different domain of the CSP-A,
as well as the carapace domain of another CSP-B (Figure
4B). The 	 sheet-rich small protrusion domain of CSP-A
makes extensive contacts with a loop density near helix
11 of the CSP-B (Figure 4B). The small protrusion do-
main of CSP-B, however, connects with a nonhelical
density in the carapace domain of CSP-A (Figure 4A).
These multiple modes of molecular interactions apply
not only to inter-CSP interactions but also to the interac-
tions between CSP and LPP, as described below.
LPP: The Molecular Clamp with Two Modes
of Interaction with CSP
The 120 LPP molecules in each CPV capsid act as mo-
lecular clamps, tying together neighboring CSPs on the
capsid shell (Figures 2A and 2B). The quasi-equivalent
LPP-5 and LPP-3 have essentially identical rectangular
shapes and dimensions with similar secondary struc-
tural elements when examined from their top views (Fig-
ures 5A and 5B). Six helices have been identified cluster-
ing around the center of each LPP (Figure 5C). This
cluster of helices is flanked by two slightly concave 	
sheets, which are positioned with its planes roughly
perpendicular to the capsid shell (Figure 5C).
In contrast to the similarities revealed by their top
views (Figures 5A and 5B), LPP-3 and LPP-5 bear no
recognizable similarities in their regions that interact
with the underlying CSPs. First, the number of CSP mol-
ecules clamped by LPP-3 and LPP-5 are different, being
two and three CSPs, respectively (Figures 2C and 2D);
thus, the local molecular environments that LPP-3 and
LPP-5 encounter are completely different (Figures 5D
and 5F). LPP-5 resides on the interaction interface be-
tween CSP-A and CSP-B (Figure 5D). LPP-3, however,
joins a triad formed by two CSP-B molecules and one
CSP-A (Figure 5F, B-B-A interaction). Second, although
the LPP-3 and LPP-5 interactions with CSPs are both
very strong and extensive, as indicated by the numerous Figure 4. Illustration of Two Different Inter-CSP Contacts
connections of very high density values, the numbers (A) CSP contacts below LPP-5.
and locations of these connecting densities are com- (B) CSP contacts below LPP-3. The locations of the icosahedral 2-,
pletely different (Figures 5E and 5G). The strong LPP- 3-, and 5-fold axes are indicated by 2, 3, and 5, respectively.
CSP interactions seen in our reconstruction accord well
with experimental observations, which showed that the processing and release of nascent mRNA, similar to the
connections between both LPP-3 and LPP-5 and the structural analog of the orthoreovirus core (Bartlett et
capsid shell were both resistant to denaturants and high al., 1974; Bellamy and Harvey, 1976; Furuichi, 1974; Rei-
pH treatments (Zhang et al., 2002). nisch et al., 2000; White and Zweerink, 1976; Yazaki
and Miura, 1980; Zhang et al., 1999). The 3D structural
comparison of intact CPV capsid with a spikeless (lack-TP: Identification of Secondary Structure Elements
and Putative Functional Domains ing the turrets) CPV capsid generated by chemical treat-
ment (Zhang et al., 2002) provided initial guidelines forEach CPV turret is a multifunctional complex involved
in the highly coordinated steps of posttranscriptional determining the molecular boundaries for segmenting
3D Structure of CPV at 8 A˚ Resolution by CryoEM
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Figure 5. Secondary Structures of LPPs and
Their Interactions with CSP-A and CSP-B
(A and B) Shaded surface representations of
LPP-5 (A) and LPP-3 (B) as viewed similarly
from outside of the capsid.
(C) LPP-5 in (A) was rotated for 60 as indi-
cated and shown as wire frame (contoured
at 1.5). Six helices (shown as blue cylinders
of 5 A˚ diameter) and two 	 sheets (denoted
by 	) were identified.
(D–G) “Clamping” of two and three neighboring
CSP molecules by LPP-5 (E) and LPP-3 (G),
respectively. The footprints of LPP-5 and
LPP-3 on the CSP surfaces were illustrated
by the contour lines in (D) and (F) and they
lie in similar orientations. (E and G) The corre-
sponding contact surfaces of LPP-5 (E) and
LPP-3 (G). The images of the LPPs in (E) and
(G) may be flipped around the axes parallel
to the long side of the page to orientate them
correctly over the corresponding images of
CSPs in (D) and (F), respectively. The CSP-A
molecules are shown in purple and the CSP-B
molecules are in red and pink (F). The strong
interactions between CSP and LPP are high-
lighted by blue blots.
the turret from the CPV capsid (Figure 6). Each turret is sandwich fold is a highly conserved fold seen in numer-
ous methyltransferases as the SAM binding domain (Ho-a hollow cylinder 150 A˚ in diameter and 80 A˚ tall with
an axial channel leading to the inside of the capsid del et al., 1996; Reinisch et al., 2000; Schluckebier et
al., 1995). The size of the 	 sheet is about 400 A˚2, which(Figures 6B and 6C). Underneath each turret, a small
spherical density of about 10 A˚ plugs a pore, which is corresponds to 6–7 	 strands of15 A˚ in average length
(Figures 6G, 7A, 7C, and 7D). An almost identical helix-formed by the tips of the helix pairs located in the apical
domains of the five surrounding CSP-A molecules (Fig- pair/	/helix-pair sandwich density was also identified
on another domain of TP (yellow region in Figures 6B,ure 6A, rightmost slice). The presence of these helices
and the two constrictions inside the turret channel re- 6C, and 6E–6G). Moreover, the two methylase domains
of orthoreovirus 
2, methylase-1 and -2, also containsults in the formation of two cylindrical cavities (35 A˚
tall, 60 A˚ diameter) along each turret channel and a the highly conserved fold (Reinisch et al., 2000). There-
fore, we propose that the two domains with the helix-V-shape opening at the outmost region of the turret
(Figure 6A). pair/	/helix-pair fold in CPV TP are the corresponding
methylase-1 and methylase-2 domains. In this regard,Demarcation of the molecular boundaries among the
five TP subunits has been achieved by interactive exami- CPV turrets have been shown to have methyl transferring
activities and contain S-adenosyl-L-methionine (SAM)nation of the density continuities at relatively high den-
sity contours in both 2D slices and 3D volumes of the binding sites (Furuichi, 1974), similar to those of the
orthoreovirus 
2.region encompassing the entire turret (Figure 6A). When
viewed from the side (Figure 6F), TP has a y shape, The third domain constitutes the density connected
to the capsid shell, which we designate as the shell-slanted such that its longer side lies at approximately
45 relative to the 5-fold axis of the capsid (Figures anchoring domain (Figure 6E–6G, red). The top of this
domain is connected to the putative methylase-2 do-6B–6D). The y-shaped TP subunit can be divided into
three domains based on the geometrical dispositions main by two threads of density (Figure 6G). Its shell-
facing side makes direct contacts with the underlyingof its densities as well as on considerations of their
putative functional roles (Figures 6B and 6F). First, a CSP-A, as well as the apical domain of the CSP-B and
LPP-5 (Figures 2B and 2C). Eight helices and two 	striking helix-	-helix sandwich fold is clearly visible in
the outermost region of TP (Figures 6G and 7, green). sheets were identified in this domain (Figure 6G). The
channel-facing and capsid-proximal portion of this do-In this region, a large and slightly twisted 	 sheet density
is flanked by a pair of helices (13 and 20 A˚ in length, main contains two characteristic long helices and one
	 sheet and contributes to the formation of the firstrespectively) on either side. This helix-pair/	/helix-pair
Structure
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Figure 6. The mRNA Capping Complex
(A) Shaded surface view of an 8.5 A˚ thick vertical (i.e., parallel to the 5-fold axis) slab through a region of the 3D map containing the turret
(left). The right panels show contour line displays of four 1.7 A˚ thick horizontal (i.e., normal to the 5-fold axis) slices through the turret at radial
positions indicated by arrows in the surface view shown on the left panel. The molecular boundaries of a single subunit are denoted by the
red dotted lines in the contour displays. The last slice at the radius of 255 A˚ reveals H8 and H11 helices (see Figure 3E) of in the five CSP-A
molecules, forming the shell pore constriction which has the appearance of an iris diaphragm in a camera.
(B and C) The side (i.e., vertical to 5-fold axis) (B) and top (i.e., parallel to 5-fold axis) (C) views of the entire turret. Two adjacent subunits are
shown in color, one in purple, the other with three colors highlighting its three subdomains: a shell-anchoring domain (red), the methylase-1
domain (yellow), and methylase-2 domain (green).
(D) Top view of the turret showing the dispositions of the helices identified in the entire turret. Helices are shown as 5 A˚ diameter cylinders
and those in the same subunit are colored the same.
(E and F) Top (E) and side (F) views of on extracted TP. The density contributing to the formation of the outer constriction of the turret channel
is indicated by arrow. The large 	 sheet in the characteristic  helices/	 sheet/ helices fold of the methylase-2 domain is labeled with an
asterisk.
(G) Stereo view of an extracted TP as viewed from the inside of the turret (contoured at 1.5) superimposed with 5 A˚ blue cylinders representing
the 20 long  helices identified in each TP. Five 	 sheets were also identified and are indicated by 	. The arrowhead points to three parallel
helices that are unique to CPV TP. The helices contributing to the formation of the inner and outer channel constrictions are indicated.
3D Structure of CPV at 8 A˚ Resolution by CryoEM
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Figure 7. Structural Comparison of CPV TP and Orthoreovirus 
2
(A) Stereo view of the superposition of a CPV TP (semitransparent yellow) and orthoreovirus 
2 (ribbons) (Reinisch et al., 2000) as viewed
from the top of the turret channel at an angle of 45 to the 5-fold axis. The CPV TP subunit lacks densities corresponding to the three 
2
C-terminal small domains with immunoglobulin folds (arrow).
(B) Same view as that in (A) showing the superposition of 
2 (ribbon) and the 20 helices (cylinders) identified in each TP. A domain movement
is illustrated by the curved arrow joining the methylase-1 domain of 
2 (green dotted line) with the corresponding domain of CPV TP (orange
dotted line).
(C) Enlarged stereo view of (A) showing the tip of the methylase-2 domain of TP (semitransparent yellow) superimposed with 
2 (ribbon). The
conserved structure of two pairs of  helices sandwiching a seven-strand 	 sheet is evident.
(D) Same as in (C) but only the TP density is shown. The longer  helix density reveals three humps about 6 A˚ apart, suggesting that the
valleys between them might be the grooves of the  helix.
constriction. Finally, this domain also contains a unique domain, are also conserved. Structures beyond this in-
nermost capsid shell, however, diverge substantially,set of three roughly parallel helices on the external sur-
face near LPP-5 (Figure 6G, arrow). with variations in the presence/absence and the num-
bers of existing copies of LPP, as well as the presence/
absence of additional protein layers. The conservationDiscussion
of the innermost capsid shell and diversification of exter-
nal protein layers among these dsRNA viruses arguesAssembly of CSP in dsRNA Viruses and Mechanisms
for the Enhanced Stability of CPV strongly for a common remote ancestor of these viruses
that evolved to infect a broad spectrum of hosts. ThisThe organization of a thin shell formed by 60 dimers of
the capsid shell protein on a T  1 lattice is a common conservation also reflects the conserved role of the CSP
shell, which is to provide an appropriate enclosure fortheme adopted by all viruses in the Reoviridae that have
been structurally examined to date (Grimes et al., 1998; the genomic materials and replication enzymes that fa-
cilitate endogenous RNA transcription.Lawton et al., 1997; Reinisch et al., 2000; Zhou et al.,
2001) and by several other dsRNA viruses such as L-A Despite the general similarity among the overall folds
of the CSP proteins of these dsRNA viruses, it is interest-virus (Caston et al., 1997) and bacteriophage φ6
(Butcher et al., 1997). Moreover, based on the subnano- ing to note that no significant sequence homologies
were detected among these proteins using currentlymeter resolution structures as presented in this study
and available for three other viruses (Grimes et al., 1998; available multiple or pairwise sequence alignment tools,
indicating that CSP molecules have also undergone sub-Reinisch et al., 2000; Zhou et al., 2001), the general 	
folds of the capsid shell proteins, with helix-rich apical stantial modifications during the viral evolution process.
The most notable modifications are large domain dele-and carapace domains and 	 sheet-rich dimerization
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tions/insertions in the CSP molecules. In L-A virus, sub- tional changes upon trypsin treatment (Nason et al.,
2000). The lack of this flap domain in CPV suggests astantial sequence deletion exists, reflecting the fact that
its genome is much smaller and a smaller capsid shell different mechanism or molecule, perhaps the A spike,
in conferring host specificity in CPV. In this regard, theis needed (Caston et al., 1997). In contrast, in CPV,
domain insertion has been used to achieve additional A spike, which is only visible when the 8 A˚ map is dis-
played at a relatively low density threshold, indeed inter-inter-CSP interactions, probably related to the require-
ment for achieving additional capsid stability (see be- acts with the inner rims of the turret at low resolution
(Zhang et al., 1999). Second, the three characteristiclow). Thus, while the structural divergences of the outer
shell proteins are related to the evolutionary pressure parallel helices found on the outer surface of the shell-
anchoring domain of CPV TP (pointed by the arrow inof host adaptability, modifications to the inner capsid
shell protein CSP are mostly likely a consequence of Figure 6G) are not present in 
2. Finally, in contrast to
the good match between the locations of secondarystructural adaptability driven by the autonomous needs
of different viruses. structure elements in the shell-anchoring domains and
methylase-2 domains between CPV TP and 
2, the CPVMost of these dsRNA viruses contain one or two outer
protein capsid shells that stabilize the thin inner shell. methylase-1 domain is rotated40 inwards toward the
channel, making the CPV turret a more compact struc-In addition to its conserved roles in enclosing the dsRNA
genome and transcriptional enzymes, the CPV capsid ture (Figure 7B).
Despite the above differences, striking structural simi-has evolved to play the structural roles that are other-
wise served by the outer shells of other dsRNA viruses. larities are evident within the domains that are involved
in posttranscriptional mRNA processing. This mRNAAlthough CPV particles are protected during their trans-
mission between different insects by occlusion inside a processing, or capping, involves the addition of a guano-
sine to the 5 end of the nascent mRNA by a guanylyl-viral polyhedra matrix, this polyhedra matrix is dissolved
upon entering the alkaline insect midgut, releasing “na- transferase, and the consecutive transfers of a methyl
group from S-adnosyl-L-methionine to the N7 atom ofked” CPV capsids to infect epithelial cells. In addition,
nonoccluded CPV can also be released to directly infect the added guanosyl moiety and to the ribose 2-O atom
of the first template-encoded nucleotide by two methyl-neighboring cells (Payne and Harrap, 1977). It is conceiv-
able that for adequate protection of its genome, a less ases (Nibert and Schiff, 2001). The helix-pair/	/helix-
pair sandwich fold of the two methylase domains is fullyporous and more structurally stable capsid shell is re-
quired for CPV during its attachment and entry into host conserved between CPV TP and 
2. In orthoreovirus,
the guanylyltransferase is localized in the N-terminal,cells since it lacks protective outer shells of other dsRNA
viruses. As illustrated in Figures 2C and 2D, the 120 shell-proximal region of 
2 and is thus perfectly posi-
tioned to modify the nascent reovirus mRNAs as theyLPPs on each CPV capsid are perfectly positioned to
lock adjacent CSPs together either at the intradimer are synthesized and extruded through the holes in the
capsid shell. The same arrangement is observed in CPVinterfaces or at the interdimer interfaces. The strong
interactions between LPP and the underlying CSPs, the TP. The channel-facing region in the shell-anchoring
domain has a very similar structure to the 
2 guanylyl-higher level of surface complementarities of CSP and
the extra interactions provided by the small protrusion transferase domain and is probably the guanylyltransfer-
ase domain of CPV TP (Figures 7A and 7B).domain, together with the more extensive TP-CSP inter-
actions, might collectively contribute to the enhanced
capsid stability of CPV. On the other hand, the lack of
Iris Diaphragm-like Constrictions and Implicationspores on the entire capsid shell to accommodate the
for mRNA Processing Regulationrelease of mRNA suggests that conformational changes
A careful examination of our structure provides someof CSP must occur during active mRNA synthesis and
insights into the structural basis of the regulation mech-release. The unusual types of molecular interactions em-
anisms of mRNA processing and release. There are threeployed in CPV, characterized by a multivalent, variable,
layers of constriction along the release path of the na-or promiscuous nature, may facilitate the conformational
scent mRNA from the transcription enzyme complextransitions required during transcription activation.
through the turret channel. The first constriction is the
shell pore constriction formed by the clustering of five
pairs of long helices (H8 and H11, see Figure 3) in theComparison between CPV TP and Orthoreovirus 2
While the overall folds of the two methylase domains CSP-A pentamer similar to a closed iris diaphragm in a
camera (Figure 6A). The other two constrictions are withinand the shell anchoring domain in CPV TP are similar
to those observed in orthoreovirus 
2, there are several the turret channel: an inner constriction near the bottom
of the turret at radius 280 A˚, and an outer constrictionmarked differences between TP and 
2. First, CPV TP
completely lacks the C-terminal three 	 sheet-rich im- located about halfway into the channel at radius 325 A˚
(Figures 6A and 6G). The hole diameters of the inner andmunoglobulin domains making up the flap of the ortho-
reovirus 
2 (Figures 7A and 7B). The 
2 flap of orthoreo- outer constrictions are only 25 and 10 A˚, respectively
(Figures 6A and 6C). One helix and one low-density pro-virus has been shown to be involved in the association
with the cell attachment protein 1 and can undergo trusion (possibly a loop region) in each methylase-1
domain project perpendicularly toward the 5-fold axis,drastic conformational changes at different states of
viral infection and maturation (Chandran et al., 1999; leading to the formation of the outer constriction (Fig-
ures 6D–6G). In the shell-anchoring domain (i.e., theDryden et al., 1993). A similar flap was also seen in the
aquareovirus turret, which exhibits similar conforma- putative guanylyltransferase domain), a subdomain
3D Structure of CPV at 8 A˚ Resolution by CryoEM
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CryoEM and 3D Reconstructioncontaining two roughly parallel  helices (50 and 30 A˚
CPV capsids were embedded in a thin layer of vitreous ice sus-in length, respectively) and a twisted 	 sheet projects
pended across the holes of holey carbon films for cryoEM imagingtoward the turret channel. The presence of five such
as described elsewhere (Zhou et al., 1994). The images were col-
subdomains in each turret leads to the formation of lected in a JEOL 4000 electron cryomicroscope at 400 kV with an
the inner constriction, also with an iris diaphragm-like electron dose of 12 e/A˚2 at a magnification of 50,000. Focal
pairs of micrographs were recorded on Kodak SO163 films. The firstappearance (Figures 6D and 6G). The two layers of con-
CTF zeros of the close-to-focus micrographs in the focal pairs arestrictions are stacked such that the constriction helices
in the range of 1/7 1/15 A˚1. The second micrographs were takenin the putative guanylyltransferase domain in one TP
at about 2–2.5 m farther underfocus and were used only for thesubunit are directly under the constriction helix in the
determination of preliminary orientation parameters. The micro-
methylase-1 domain of its neighboring TP (Figures 6D graphs were digitized with a Zeiss high resolution scanner (Z/I Im-
and 6G). aging, Huntsville, AL) at a step size of 7 m/pixel, corresponding
to an effective step size of 1.4 A˚/pixel at the specimen scale. TheThe iris diaphragm-like configurations of the constric-
defocus values were estimated from the positions of the CTF ringstions and the alternating stacking of functional domains
in the incoherently averaged Fourier transforms of particle imagesfrom neighboring subunits provide a mechanism to facil-
(Zhou et al., 1996). Determination of particle orientation and centeritate conformational transitions and to regulate RNA
parameters and subsequent 3D reconstruction were carried out in
processing and release during endogenous RNA tran- SGI Octane workstations with dual processors using programs in
scription. The initiation of mRNA transcription by the the IMIRS software package (Liang et al., 2002; Zhou et al., 1998;
Zhou and Chiu, 2003), which are based on Fourier common linestranscription enzyme complex near helices H8 and H11
and Fourier-Bessel synthesis methods (Crowther, 1971; Crowtherin the apical domain of CSP-A may trigger a conforma-
et al., 1970; Fuller et al., 1996). Prior to the merging of particles fortional change of this region (Xia et al., 2003), resulting
3D reconstruction, the Fourier transform values of individual imagesin the opening of the shell pore constriction in a manner
were corrected for the CTF with 7% amplitude contrast and a decay
similar to the movement of the plates in an iris dia- factor of 180 A˚2 (Zhou et al., 1999). The effective resolutions were
phragm. The 5 end of the nascent mRNA is then modi- estimated based on the criterion of the Fourier shell correlation
coefficient between two independent reconstructions being largerfied by guanylyl addition at the putative guanylyltransfer-
than 0.5.ase domain, followed by two consecutive steps of
methylation at the two methylase domains of an adja-
cent TP positioned directly above the guanylyltransfer-
3D Visualization and Identification of Molecular Boundaries
ase domain. However, it should be noted that our 8 A˚ The reconstruction was visualized using IRIS Explorer (NAG, Down-
resolution map does not yet provide sufficient details ers Grove, IL) with custom-designed modules (Dougherty and Chiu,
1998). The shaded surface views were generated by contouring thefor the functional assignment of the m7G (cap 0) and the
maps at a density level of 1 (standard deviation) above the average2-O-ribose (cap 1) methyltransferase activities to the
density unless otherwise specified. The molecular boundaries weremethylase 1 and 2 domains as accomplished for those
defined by assessing the continuity of the density maps at relativelyof the orthoreovirus 
2 (Bujnicki and Rychlewski, 2001;
higher contour levels. At 8 A˚, the majority of the molecular bound-
Reinisch et al., 2000). Nevertheless, the inner and outer aries can be delineated by interactive 3D examination of the continu-
turret constrictions provide the physical barriers to sep- ity of mass densities by varying the contouring levels (1.5–3.0)
arate the enzymes involved in this successive RNA pro- (Bo¨ttcher et al., 1997; Conway et al., 1997; Zhou et al., 2000, 2001).
In addition, a low-resolution reconstruction of CPV capsids whosecessing, thus ensuring the proper sequence of actions.
turrets were removed by chemical treatment provided guidance forThis use of iris diaphragm-like constrictions as a regula-
the identification of molecular boundaries between the turrets andtion mechanism is reminiscent of those suggested for
the CSP capsid shell (Zhang et al., 2002). For areas where ambigu-
the gating of gap junctions (Unwin and Zampighi, 1980) ities exist due to extensive intermolecular interactions, we estimated
and the protein-conducting channel associated with the molecular boundaries by considering the corresponding areas
translating ribosomes (Beckmann et al., 2001; Morgan in its nonsymmetry related, quasi-equivalent subunits. For instance,
the 5-fold proximal LPP (LPP-5) is connected directly to the smallet al., 2002). Such a mechanism may also augment the
protrusion domain of CSP-A by a strong continuous density, makingratchet-like, unidirectional movement of the processed
it difficult to define their local molecular boundaries. However, theremRNA through the turret channel.
is no ambiguity in defining the small protrusion domain of CSP-B
since no LPP is in close proximity to the corresponding domain of
CSP-B. By comparison of CSP-A and CSP-B, the correspondingExperimental Procedures
areas in CSP-A can then be estimated, allowing the delineation of
the boundaries between CSP-A and LPP-5 (Figure 2C). The modeledVirus Purification
helices were generated by placing 5 A˚ diameter tubes into the den-CPV-infected Dendrolimus spectabilis larvae were dissected and
sity rods and interactively adjusting the orientation and length ofthe gut tissues were collected, followed by washing with distilled
the tubes for the optimal fitting with the density maps.water and homogenization. The filtrate of the homogenized materials
was centrifuged at 10,000  g for 10 min to sediment the CPV-
containing polyhedra. After washing with phosphate-buffered saline
Acknowledgments(PBS) (pH 7.4), the polyhedra were treated with 0.5% SDS for 30
min and subsequently with trypsin (0.1 g/l) for 1 hr at 30C, and
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